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Endogenous retroviruses (ERVs) are proviral phases of exogenous retroviruses that have become
incorporated into the host genome. Little is known about ERVs in the horse genome. By combining
3 bioinformatic approaches, we detected 1947 putative ERVs in the horse genome. These equine ERVs
are not scattered randomly across the genome and are especially abundant in the X chromosome.
Based on phylogenetic relationships, some of these equine ERVs were classiﬁed into 15 previously
uncharacterized families of Classes I, II and III. Compared with the cow and other species, the horse
genome appears to container fewer ERVs. Although this could be due to limitations of the detection
process, it could also stem from characteristics of the horse genome or the effect of the domestication
process.
& 2012 Elsevier Inc. All rights reserved.Introduction
The horse (Equus caballus) is one of the earliest domesticated
animal species. Domesticated horses can be found worldwide, but
wild populations also exist. With more than 90 hereditary condi-
tions that may serve as models for human disorders, such as
infertility, inﬂammatory diseases, and muscle disorders
(Chowdhary et al., 2008), the horse has much to offer as a model
species (Wade et al., 2009). Greater knowledge of the horse
genome would allow for greater understanding of the species
and its use as a model for human disorders. The horse is one of the
few domestic animals whose genome has been sequenced (Wade
et al., 2009). However, little is known about endogenous retro-
viruses (ERVs) in the horse genome.
ERV are the proviral phases of exogenous retroviruses that
become incorporated into a host germ line and that remain in the
host genome for generations (Boeke and Stoye, 1997). ERVs are
divided into three classes according to the phylogenetic relation-
ship they have with exogenous retroviruses. Class I ERVs are
related to the Gammaretrovirus and Epsilonretrovirus genera;
Class II ERVs are related to the Alpharetrovirus, Betaretrovirus,
Deltaretrovirus, and Lentivirus genera; and Class III ERVs have a
distant relationship with the Spumaretrovirus genus (Giffordll rights reserved.
-Etxebarria),
gy (UPF-CSIC),
na, Spain.et al., 2005). Retroviruses are widely distributed throughout
vertebrate genomes. The distribution and diversity of ERVs have
been shaped by evolutionary forces acting on both the virus and
host genome. Thus, ERVs may represent an important source of
evolutionary information (Gifford and Tristem, 2003). In a more
immediate sense, they may also contribute to mutation, develop-
ment, and disease.
Although several exogenous retroviruses have been described
in the horse, like the Equine Foamy Virus of the Spumavirus genus
(Tobaly-Tapiero et al., 2000), or the Equine infectious anemia
virus of the Lentivirus genus (Stephens et al., 1986), little is
known about equine ERVs (EqERVs). In 1996, Hecht et al. tried to
detect Class II ERVs in ungulates using the Southern blot technique.
Only weak hybridization signals were obtained in the horse (Hecht
et al., 1996). In subsequent work on ERVs related to Class III ERVs in
mammals, 5 ERV pol gene sequences were obtained in the horse
(Benit et al., 1999). To date, these are the only ERV sequences
characterized in the horse genome.
In the horse genome (Wade et al., 2009), as far as repetitive
elements are concerned, among retrotransposons without long
terminal repeats (LTR), Long Interspersed Nuclear Elements
(LINEs) make up 19.56% of the horse genome and Short Inter-
spersed Nuclear Elements (SINEs) make up 7.01%. Moreover, LTR
retrotransposons, including ERVs, have a coverage of 6.27%
(Wade et al., 2009). Thus is appears that many experimentally
non-detected ERVs exist in the horse.
As complete genome sequences have become available, genome-
wide studies of ERVs have been conducted using various bioinfor-
matic tools. The Repeatmasker program (Smit et al., 1996–2010), for
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ERVs, in a sequenced genome. The greatest likelihood of obtaining
reliable results comes from using different programs and carrying
out a cross comparison of their results (Lerat, 2010). Our team
has successfully used a comparison of three methods—BLAST,
LTR_STRUC and Retrotector—to identify ERVs in the genome of
the cow (Bos taurus) (Garcia-Etxebarria and Jugo, 2010).
We applied this method to the horse genome to provide further
knowledge of ERVs in mammals. The aims of this work were (1) to
detect and identify ERVs that may be present in the horse genome by
means of bioinformatics tools, (2) to characterize and classify these
genetic elements, and (3) to study the relationships between EqERVs
and those of other species. Using the same method to search for ERVs
in the horse and cow genomes enabled us to evaluate the detection
procedure.Results
Detection
Endogenous retroviruses were identiﬁed by different methods.
Since each method searches for different retroviral genes (mainly gag,
pol and env) or structures (LTR pairs, motifs or genes), the term
ERV in this work refers to ERVs with highly conserved canonical
structures.
The three methods used identiﬁed different numbers of putative
ERVs in the EquCab2 version of the genome of E. caballus: 378 by the
BLAST-based search, 291 by LTR_STRUC, and 1615 by Retrotector.
(The genomic distribution of the detected elements are described in
Additional File 1). It must be noted that LTR_STRUC did not work in
some regions located in chromosomes 5 and 20; thus 2 megabases
in chromosome 5 (between positions 47,442,909 and 49,840,140)
and 5 megabases in chromosome 20 (between positions 27,099,849
and 32,083,080) were not studied.
A total of up 1947 nonredundant putative ERVs were detected by
the three methods (Table 1). Many of these were identiﬁed by only
one program: 1276 by Retrotector alone, 257 by LTR_STRUC alone,
and 116 by BLAST alone. Among all detected ERVs, 45.04% had LTR-
RT-LTR structures, which have been called ‘‘full-length elements.’’
Only 31 ERVs were detected by all three methods (Table 1).
In a pairwise comparison, 257 ERVs detected by the BLAST-based
method were also detected by Retrotector, 51 elements detected
by LTR_STRUC were also detected by Retrotector, and 1 element
detected by LTR_STRUC was also identiﬁed by BLAST. The small
number of elements detected by all three methods is interesting.Table 1
Structure of ERV elements detected by each method or combination of methods. N: nu
structure and regions detected by each method is showed. R: Retrotector; L: LTR_STRU
Structures by
Methods N Retrotector&
5LTR gag pol env
RþLþB 27a/31b 25 (80.65) 31 (100) 30 (96.77) 24 (77.4
RþB 234a/257b 185 (71.98) 255 (99.23) 257 (100) 229 (89.
RþL 48a/51b 51 (100) 50 (98.04) 46 (90.20) 40 (78.4
LþB 1 – – – –
Only R 1276 1162 (91.07) 1243 (97.41) 1242 (97.34) 1030 (80
Only L 215 – – – –
Only B 116 – – – –
Some elements have been differently anotated by each method, so:
a Element number according to Blast or LTR_STRUC.
b Element number according to Retrotector&.It suggests that ERV detection may depend on what a program is
detecting: ERVs detected by all three methods and those common
to the BLAST and Retrotector searches appear to be nearly
complete, although Retrotector identiﬁed fewer LTRs (Table 1).
In addition, most ERV sequences detected by Retrotector and
BLAST-based searches included the pol gene, while most of those
detected by LTR_STRUC alone did not include this gene. Thus, it
seems clear that each program detects elements with different
structures, particularly LTR_STRUC.
The GC content of detected elements also varied by detection
method, with an average of 43.43% GC content for elements
detected by BLAST, 41.15% for Retrotector, 40.71% for LTR_STRUC.
These values were signiﬁcantly different (Kruskal–Wallis test,
po2.21016). Pairwise comparisons using the Mann–Whitney
test were also signiﬁcantly different: BLAST vs Retrotector,
po2.21016; BLAST vs LTR_STRUC, po2.21016, Retrotector
vs LTR_STRUC, p¼0.0377. The differences in GC content appeared
to be limited to the ERVs—no signiﬁcant differences were
observed in the GC content of surrounding regions (5 kb upstream
and downstream) of detected elements (40.74% for BLAST, 40.02%
for LTR_STRUC, and 40.03% for Retrotector; Kruskal–Wallis test,
p¼0.1954). Thus, each method is detecting elements with different
properties, both element structures and GC content.
The distribution of the ERVs detected in the horse genome also
differed by search methods (Table 2). In the BLAST-based search,
chromosomes 7, 10, and X had more ERVs than would be
expected in a homogeneous distribution, while chromosomes
18, 28, and 30 had fewer than expected. With LTR_STRUC,
chromosomes 5, 11, and X had more elements than would be
expected, while chromosome 17 had fewer elements. With Retro-
tector, chromosomes 7, 10, 12, 20, and X had more ERVs than
would be expected, while chromosomes 9, 16, 24, 26, 28, 30, and
31 had fewer. For all chromosomes that did not display a
homogeneous distribution, these differences were signiﬁcant in
both statistical tests used, the w2 and G-test, with the exception of
chromosomes 5 and 11 in LTR_STRUC search, where only the w2
test was signiﬁcant. According to the G-test, the distribution of
elements detected in all methods used was signiﬁcantly non-
homogeneous in the whole genome (Table 2).
As aforementioned, each program seemed to detect different
properties of elements, and it could be possible that the presence
of those properties changes along chromosomes differently.
The number of ERVs detected was strongly correlated with
chromosome size in all three methods: BLAST (Spearman’s r¼
0.8093, po0.001); LTR_STRUC (r¼0.8503, po0.001) and Retro-
tector& (r¼0.9068, po0.001). It was not, however, signiﬁcantlymber of elements; Structures by: number and percentage of element’s with same
C; B: BLAST-based search.
LTR_STRUC BLAST
3LTR pol gag pol env
2) 25 (80.64) 21 (77.44) 12 (45.16) 27 (100) 24 (90.32)
11) 169 (65.76) – 107 (45.53) 234 (100) 203 (86.78)
3) 51 (100) 8 (16.67) – – –
– 0 1 (100) 1 (100) 0
.72) 0 – – – –
– 12 (5.58) – – –
– – 46 (39.65) 92 (79.31) 98 (84.48)
Table 2
ERV elements detected by each method in EquCab2 genome-version.
Ch Analyzed length
(Mb)
BLAST LTR_STRUC Retrotector&
Signiﬁcance Signiﬁcance Signiﬁcance
ERV
no.
Density
(elements/Mb)
v2
test
G-
test
ERV
no.
Density
(elements/Mb)
v2
test
G-
test
ERV
no.
Density
(elements/Mb)
v2
test
G-
test
1 186 35 0.19 NS NS 16 0.09 NS NS 120 0.65 NS NS
2 121 13 0.11 NS NS 14 0.12 NS NS 75 0.62 NS NS
3 119 14 0.12 NS NS 12 0.10 NS NS 76 0.64 NS NS
4 109 11 0.10 NS NS 10 0.09 NS NS 76 0.70 NS NS
5 100a 17 0.17 NS NS 19 0.19 n NS m 73 0.73 NS NS
6 85 13 0.15 NS NS 10 0.12 NS NS 49 0.58 NS NS
7 99 24 0.24 n n m 12 0.12 NS NS 95 0.96 nnn nnn m
8 94 17 0.18 NS NS 12 0.13 NS NS 60 0.64 NS NS
9 84 20 0.24 NS NS 8 0.10 NS NS 40 0.48 n n k
10 84 26 0.31 nnn nn m 9 0.11 NS NS 80 0.95 nn nn m
11 61 13 0.21 NS NS 13 0.21 n NS m 38 0.62 NS NS
12 33 7 0.21 NS NS 4 0.12 NS NS 37 1.12 n n m
13 43 10 0.23 NS NS 6 0.14 NS NS 31 0.72 NS NS
14 94 10 0.11 NS NS 15 0.16 NS NS 59 0.63 NS NS
15 92 13 0.14 NS NS 10 0.11 NS NS 59 0.64 NS NS
16 87 11 0.13 NS NS 9 0.10 NS NS 39 0.45 n n k
17 81 9 0.11 NS NS 3 0.04 n nn k 43 0.53 NS NS
18 83 4 0.05 n nn k 6 0.07 NS NS 39 0.47 NS NS
19 60 7 0.12 NS NS 6 0.10 NS NS 30 0.50 NS NS
20 64a 11 0.17 NS NS 12 0.19 NS NS 68 1.06 nnn nnn m
21 58 8 0.14 NS NS 5 0.09 NS NS 35 0.60 NS NS
22 50 8 0.16 NS NS 3 0.06 NS NS 26 0.52 NS NS
23 56 5 0.09 NS NS 3 0.05 NS NS 28 0.50 NS NS
24 47 6 0.13 NS NS 4 0.09 NS NS 18 0.38 n nn k
25 40 9 0.23 NS NS 3 0.08 NS NS 31 0.78 NS NS
26 42 4 0.10 NS NS 5 0.12 NS NS 17 0.40 n n k
27 66 10 0.15 NS NS 11 0.17 NS NS 37 0.56 NS NS
28 46 1 0.02 n nn k 6 0.13 NS NS 15 0.33 nn nn k
29 34 4 0.12 NS NS 1 0.03 NS NS 24 0.71 NS NS
30 30 1 0.03 NS n k 2 0.07 NS NS 12 0.40 NS n k
31 25 5 0.20 NS NS 2 0.08 NS NS 6 0.24 nn nn k
X 124 32 0.26 nn nn m 40 0.32 nnn nnn m 179 1.44 nnn nnn m
Genome 2397 378 0.16 nnn 291 0.12 nnn 1615 0.67 nnn
NS, No signiﬁcant.
m, more ERVs than expected; k, fewer ERVs than expected.
Single chromosome against the rest of the chromosomes, as in reference (Villesen et al., 2004).
a in LTR_STRUC, in chromosme 5 98 Mb and chromosome 20 59 Mb.
n po0.05.
nn po0.01.
nnn po0.001.
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gene density, or pseudogene density.Classiﬁcation of equine ERVs
EqERVs were classiﬁed into families in accordance with the
tree obtained in the phylogenetic analysis. On the basis of this
phylogenetic tree, built with the RT region of the pol gene from
several endogenous and exogenous retroviruses (Fig. 1), 9 of the
EqERVs detected belonged to Class I (EqERV1-EqERV9), 4 belonged
to Class II (EqERV12-EqERV15), and 2 belonged to Class III
(EqERV10–EqERV11).
The biggest families were EqERV15 with 16 ERVs and EqERV4
with 14 (Table 3). An enrichment search using a BLAST-based
approach added a single ERV to families EqERV4 and EqERV15
and 2 to 4 ERVs to families EqERV3, EqERV8, EqERV10, and
EqERV14 (Table 3). Of note, one family, EqERV10, consisted of
an isolated ERV devoid of any signiﬁcant relationship with any
other in silico detected ERV.Class I families (EqERV1-EqERV9)
Based on the initial search, the largest Class I families were
EqERV4 with 14 ERVs and EqERV1 with 9 (Table 3). After the
enrichment search, EqERV3 has 10 ERVs. The relationships
between the ERVs in each family were polytomic and they
displayed great divergence (Fig. 1), except in the EqERV4 and
EqERV5 families, in which ERV divergence was variable and
revealed radial relationships.
The LPQG motif of the RT region of the pol gene was generally
conserved in the Class I ERV families (see Fig. 2), although the
EqERV8 and EqERV9 families revealed a substantially different
sequence. Likewise, Class I families tended to display the YVDD
motif and variants on it. In the case of the EqERV8 family, the
reading frame was altered as a result of an indel.
The average rank length of ERVs was between 8319 bases and
10,676 bases. The longest ERV belonged to the EqERV3 family
(11,421 bases) and the shortest to EqERV4 (4522 bases).
Insertion time was estimated by LTR divergence, applying a
rate of 2.3109 substitutions/year/site to 5.0109 substitu-
tions/year/site. The results of this estimation method may be
Fig. 1. RT region-based phylogenetic tree of EqERVs A total of 64 EqERVs detected by at least two methods and with the pol gene longer than 500 nucleotides were
included. Five experimentally detected horse ERVs (Benit et al., 1999) were also included, along with 19 retroviral sequences as markers (See Material and methods for
more information). The phylogenetic tree was based on nucleotides and topology based on the neighbor-joining method with a p distance of 1000 bootstrap. The tree was
rooted with the Drosophila melanogaster ZAM (Genbank ID:AJ000387) element. The NJ bootstrap values and ML bootstrap values are shown above the branches; the
Bayesian posterior probability is shown below the branches.
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LTRs and central part, and thus should be taken with caution.
In the families in which it was possible to make an estimate
(Table 3), the newest family appeared to be EqERV7, whose oldest
ERV was inserted between 47 and 22 million years ago. The oldest
family appeared to be EqERV9, whose oldest member was
inserted between 148 and 68 million years ago. The EqERV4
family included the youngest Class I ERV, inserted between 3 and
1 million years ago.Class II families (EqERV12-EqERV15)
In this class, the EqERV15 family had the largest number of
ERVs (Table 3). The phylogenetic relationship between ERVs in
the families of this class was radial and, on the whole, divergence
was not very high (Fig. 1). The representatives of Class II families
generally conserved the LPQG motif. Most of the families dis-
played the YMDD motif, instead of the YVDD motif generally seen
in Class I families (Fig. 2). The average ERV length rank in Class II
families was between 8336 bases and 10,012 bases. The longest
ERV was found in the EqERV12 family (11,956 bases) and theshortest in EqERV15 (3409 bases). The EqERV12 family appears to
be the one inserted most recently (Table 3), as its oldest ERV
insertion took place between 5 and 2 million years ago. The oldest
family appears to be EqERV15, whose oldest member was
inserted between 52 and 24 million years. The EqERV12 family
had the youngest insertion, incorporated between 1 and 0 million
years ago.Class III families (EqERV10–EqERV11)
Only two ERV families were detected in this class (Table 3).
The EqERV10 family included a unique ERV with no signiﬁcant
relationship to any other in silico detected EqERV. Nevertheless,
this element revealed a distant relationship with equine ERVs that
have been experimentally obtained (Genbank ID: AJ233652–
Genbank ID: AJ233656). After the BLAST-based enrichment, 2
elements were added to this family. The divergence between the
two Class III families was high (Fig. 1). As was true for most Class I
and Class II families, the representative of the EqERV10 family
conserved the LPQG motif, and also the YIDD variant of the YMDD
motif. In contrast, the EqERV11 family displayed the LSQG and
Table 3
Properties of EqERV families characterized in this work.
The families were deﬁned with EqERVs detected by at least two methods and with a pol gene longer than 500 nucleotides. In bold families with new members detected
by enriched query.
Family No. of elements
detectedb
Additional
searchc
Length (bases) Representative element Estimation of insertion time (MYA)a
Median Range PBSd Chromosome:start–end (strand) Oldest Youngest
Class I
EqERV1 9 9 10,676 9922–11288 Tyr X:53124020–53135308 (þ) 7836 4521
EqERV2 2 2 8319 7006–9632 7:57912315–57919321 () ND ND
EqERV3 6 10 9132 6800–11421 Tyr 1:27393305–27404726 (þ) 8941 63
EqERV4 14 29 8597 4522–11173 Pri 2:11712828–11722965 (þ) 5927 31
EqERV5 7 7 9714 7525–10351 Ser 10:12944449–12951974 (þ) 8338 ND
EqERV6 2 2 8604 7241–9966 23:17901636–17911602 (þ) ND ND
EqERV7 4 4 9170 7222–9885 Ser X:69210501–69217723 (þ) 4722 3717
EqERV8 2 4 8993 7950–10095 8:3817901–3827996 () 11955 4119
EqERV9 7 7 9358 6695–10287 20:8848093–8857767 (þ) 14868 4219
Class III
EqERV10 1 3 10,143 8028–13122 29:25492571–25502020 (þ) 3717 2411
EqERV11 9 9 8990 7188–10983 24:27348691–27357972 (þ) 13663 5325
Class II
EqERV12 3 3 10,012 9879–11956 Lys 5:16125272–16135151 () 52 10
EqERV13 2 2 8336 7503–9168 Lys 13:7964465–7973633 (þ) 125 ND
EqERV14 3 5 8583 7003–9664 Lys 3:25617539–25627203 () 3315 21
EqERV15 16 33 8407 3409–11245 Tyr 1:29475995–29484899 () 5224 42
a ND, not determined.
b Based on phylogenetic analysis (Fig. 1).
c Detected elements that were not suitable for phylogenetic analysis but whose bit-score was 4200 and whose similarity was 490% compared with elements used in
phylogenetic analysis.
d The PBS could not be predicted for some representative elements.
Fig. 2. Partial amino acid sequence of the RT region of the representative ERVs from the 15 putative families. The positions of the functional motifs LPQG and YV/MDD
are boxed.
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(13,122 bases) was detected in the EqERV10 family and the
shortest (7188 bases) in the EqERV11 family. The oldest insertion
took place between 136 and 63 million years ago, and the newest
between 24 and 11 million years ago (Table 3).
Comparison of ERVs detected in the horse and cow genomes
The three detection strategies identiﬁed fewer ERVs in the
horse genome than in the cow genome (Table 4): 2.4 times fewer
by BLAST, 15.42 times fewer by LTR_STRUC, and 6.01 times fewerby Retrotector. The coverage of the genome of these elements was
smaller in similar proportions too: 2.25 times less in BLAST; 14.75
times less in LTR_STRUC, and 6.40 times less in Retrotector.
Even though the genomic distribution of the ERVs varied from
method to method, the number of chromosomes that strayed
from homogenous distribution was similar. In the Retrotector
search, for example, 5 chromosomes showed more elements in
the horse genome, and 6 in the cow genome.
With regard to ERV classiﬁcation (Table 4), fewer Class I ERVs
were detected in the horse genome by means of the BLAST method
than in the cow genome. The BLAST method did, however, detect a
Table 4
Comparison of bovine and equine ERV’s detection.
Species Cow c Horse d
Method Retrotector& BLAST LTR_STRUC Retrotector& BLAST LTR_STRUC
ERV number 9698 928 4487 1615 378 291
ERVs genome coverage (%)a 4.29 0.36 1.77 0.67 0.16 0.12
ERV classes (%)
I 61.67 81.78 63.42e 70.94f
II 12.81 18.22 11.27e 20.51f
III 1.25 0 2.04e 8.55f
Und. 24.27 22.97e
Solo-LTR number 58,760 57147
Solo-LTR genome coverage (%) a,b 1.92 3.34
soloLTR/ERV proportionb 6.06 35.39
a The percentage was calculated based on sequence genome length.
b Based on Retrotector&‘s data.
c (Garcia-Etxebarria and Jugo, 2010).
d This work.
e Based on Retrotector&‘s classiﬁcation. Unclassiﬁed means proportion of ERVs that were classiﬁed in two or three classes.
f Based on Fig. 2.
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detected in the cow using this method (Garcia-Etxebarria and Jugo,
2010). In the Retrotector search, the ERVs detected in the horse and
cow were grouped into different classes in similar proportions.
Fewer ERV families were detected in the horse genome (15) than in
the cow genome (24).
Genome coverage of solo LTRs was similar in both species
(3.34% in the horse and 1.92% in the cow) but the proportion of
solo LTRs/ERV was signiﬁcantly different (35.39 solo LTRs/ERV in
the horse and 6.06 solo LTRs/ERV in the cow).Discussion
The main aims of this work were to detect and characterize
ERVs in the horse genome. For detection, we applied the same
search strategy as in our previous work in the cow (Garcia-
Etxebarria and Jugo, 2010) using 3 different approaches:
a BLAST-based search plus the LTR_STRUC and Retrotector
programs. The ﬁrst approach, an homology-based method, used
a version of a translated fast heuristic alignment algorithm in the
BLAST program with known ERVs as queries. The other two
approaches are structure-based methods that rely on detecting
speciﬁc models of ERV architecture. These are less biased than
homology-based methods by similarity to the set of known
elements. This combination strategy is advantageous, as using
several different programs and carrying out a cross-comparison of
their results offers a better chance of generating reliable results
than does any single program (Lerat, 2010).
As expected, the three methods yielded different information:
Retrotector detected the most EqERVs (1615), followed by the
BLAST-based search (378) and the LTR_STRUC search (291). This
difference could be explained by the structure and composition of
the elements detected by each method. Surprisingly, more
EqERVs were detected with the BLAST-based method than with
the LTR_STRUC program. This difference is even more evident if
we compare these results with those from the cow, where 4487
elements were detected by LTR-STRUC and 928 by BLAST-based
search. Many equine-speciﬁc repetitive sequences have been
detected through whole-genome sequencing (Wade et al., 2009).
Thus, it is possible that some EqERVs or ERVs with non-canonical
structure went undetected. However, LTR_STRUC is generally able
to identify these kind of elements (McCarthy and McDonald,
2003), and detection by means of this program was clearly the
poorest. It is possible that the performance of LTR_STRUC in theequine genome could be a consequence of the low density of
elements with both LTRs, an essential condition for this program.
Although the number of Retrotector-detected solo LTRs was
similar in the horse and cow (57,147 and 58,760 respectively),
many fewer ERVs were detected in the horse than in the cow. One
hypothesis for these ﬁndings is that more recombination events
between LTRs could have occurred in the horse genome, causing
the loss of ERV’s internal regions and a lower density of full ERVs.
A non-homogeneous distribution of ERVs and a correlation
between the number of elements detected with chromosome size
were observed in the horse genome. The X chromosome content
merits special attention. The horse X chromosome has signiﬁ-
cantly more ERVs than expected in a homogeneous distribution,
as has been previously detected in other species, such as humans
(Villesen et al., 2004) and cattle (Garcia-Etxebarria and Jugo,
2010). It is known that LINEs represent 31.32% of the horse X
chromosome (Fujita et al., 2011). Since at least one human ERV
family (HERV-W) is known to have been multiplied by means of
LINEs (Belshaw et al., 2005), we calculated the average density of
LINE families in the surrounding regions of the detected elements
(5 kb upstream and downstream). The density of the L1 family is
greater on the X chromosome, with an average density of 0.21
elements/kb, than on the autosomes, with an average density of
0.16 elements/kb (Mann–Whitney test, p¼7.4106). Thus, the
inﬂuence of the L1 family of LINEs on the distribution of ERVs in
the horse chromosome X cannot be ruled out.
Class I ERVs comprise the majority of ERVs in most vertebrates.
To date, however, no Class I and only a few Class II and Class III
EqERVs have been detected experimentally in the horse genome
(Benit et al., 1999, Hecht et al., 1996). Our study describes for the
ﬁrst time Class I ERVs in the horse. Among these, 9 previously
non-deﬁned families were detected; 6 of them with more than
3 elements. Among Class III ERVs, those previously obtained
experimentally were related to the EqERV10 family we identiﬁed,
and could be included with this family based on their weak
phylogenetic relationship.
The detection of Class III ERVs in the horse validate the
detection methodology used (Garcia-Etxebarria and Jugo, 2010),
which yielded no Class III ERVs in the cow genome. The lack of
Class III ERVs in the cow is most likely related to the character-
istics of the genome and not inaccuracies of the procedure.
Despite advances in technology and genomic knowledge, it is
still difﬁcult to compare the ERV content of different genomes.
The comparison between the horse and other species has been
complicated because most sequenced genomes have been
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directly comparable with results from BLAST, LTR_STRUC, and
Retrotector. We were able to directly compare ERVs from the
horse and cow because we applied the same methodology to both
genomes. In total, almost 7 times fewer ERVs were detected in the
horse than in the cow. These were grouped into 15 EqERV
families, fewer than the 24 bovine ERV families we previously
described (Garcia-Etxebarria and Jugo, 2010).
A broader comparative analysis can be made based on the
Retrotector detection method. Three genome groups with different
degree of permissiveness of the species to retroviral integration have
been proposed based on Retrotector results (Blikstad et al., 2008):
permissive genomes (e.g., mouse and opossum); intermediate
genomes (e.g., human and other primates, with more than 3000
ERVs each); and vigilant genomes (e.g., dog, with 407 putative
ERVs). Although the program conditions used in our work were less
restrictive than those used by Blikstad et al., we would classify the
horse genome, with 1947 putative ERVs, as a vigilant genome.
To understand these differences, the history of retroviral
infections should be taken into account, since the ability to resist
them is reﬂected in the genome. In this light, ERVs constitute a
kind of ‘‘fossil record’’ (Gifford et al., 2008, Kaiser et al., 2007).
There are two possible explanations for the detection of fewer
ERVs in the horse than in the cow. The horse may have been
exposed to less retroviral infection than other species, or it may
have better defenses against retroviruses.
APOBEC3 (A3) proteins (Bogerd et al., 2008) are retroviral
restriction factors. These cytidine deaminases function as potent
inhibitors of retroviral infectivity, and some also function as
effective inhibitors of retrotransposon mobility. At least one A3
protein has been identiﬁed in the cow, sheep, and pig (Bogerd
et al., 2008). In contrast, 6 A3 proteins have been identiﬁed in the
horse, representing a level of complexity previously seen only in
primates.
The herd size of domesticated animals must also be taken into
consideration. Cattle tend to be gathered in larger herds, horses in
smaller ones. Biemont and Vieira (2006) have proposed that the
number of transposable elements, where ERVs are classiﬁed,
could depend on population size and on random processes. Thus,
the inﬂuence of herd size on ERV incorporation cannot be ruled
out (Biemont and Vieira, 2006).
Another key factor that may inﬂuence the differences observed
between the cow and horse genomes could lie in the domestica-
tion process. The cow was domesticated between 8000 and
10,000 years ago in two independent occurrences (Loftus et al.,
1994), while the horse was domesticated between 2000 and 4500
years ago in multiple independent occurrences (Jansen et al.,
2002). Among ERVs detected in the horse whose insertion date
could be estimated, almost all occurred before domestication took
place. In contrast, a number of cow ERVs were incorporated after
domestication was underway (Garcia-Etxebarria and Jugo, 2010). It
is not possible to rule out that domestication processes affect
infection dynamics and, as a result, the probability of ERVs becom-
ing incorporated into a speciﬁc genome. Evaluation of other domes-
ticated animal genomes is needed to clarify this point.Conclusions
This paper presents the ﬁrst systematic in silico search for ERVs
in the E. caballus genome and their subsequent characterization. A
total of 1947 non-redundant EqERVs were identiﬁed using three
different methods. They are grouped into 15 newly described
families of Classes I, II and III, which strongly supports the
accuracy of the detection procedure. ERVs do not appear to be
randomly scattered across the chromosomes but are clustered onsome, especially the X chromosome. Fewer ERVs were detected in
the horse than in other animal genomes, although it may be
possible that some equine-speciﬁc ERVs or ERVs with non-
canonical structures were not detected. Taking into account that
the number of solo-LTRs in the horse genome was comparable
with the number in the cow genome, more events of deletion of
ERVs by means of LTR recombination cannot be ruled out. It is
possible that the low number of ERVs detected in comparison
with other species could be due to a better defense response in
the horse when dealing with retroviruses or to the effects of
domestication on the horse genome.Methods
Detection of ERVs
The EquCab2 version of the genome of a thoroughbred horse
(E. caballus) (x 6.8 coverage) retrieved from Ensembl (http://www.
ensembl.org/Equus_caballus/Info/Index) was analyzed. Three
different strategies for ERV detection were applied, as previously
employed in the cow genome (Garcia-Etxebarria and Jugo, 2010).
The ﬁrst strategy was based on the similarity of sequences using
BLAST searches (Altschul et al., 1997) and using as queries three
regions (a gag gene region, the RT region of pol gene, and the TM
region of env) of 12 well-annotated exogenous retroviruses:
Gibbon Ape Leukemia Virus (GALV) (GenBank ID:NC_001885),
Murine Leukemia Virus (MLV) (GenBank ID:NC_001501), Feline
Leukemia Virus (FeLV) (GenBank ID:NC_001940), Jaagsiekte Sheep
Retrovirus (JSRV) (GenBank ID:NC_001494), Mouse Mammary
Tumor Virus (MMTV) (GenBank ID:NC_001503), Bovine leukemia
virus (BLV) (GenBank ID:NC_001414), Human T-lymphotropic
virus 1 (HTLV-1) (GenBank ID:NC_001436), Equine Infectious
Anemia Virus (EIAV) (GenBank ID:NC_001450), Human immuno-
deﬁciency virus 1 (HIV-1) (GenBank ID:NC_001802), Maedi-Visna
virus (GenBank ID:NC_001452), Human foamy virus (HSRV)
(GenBank ID:NC_001795), and Bovine Foamy Virus (BFV) (GenBank
ID:NC_001831). The other two search strategies employed the
LTR_STRUC 1.1 program (McCarthy and McDonald, 2003), which
searches LTR elements; and Retrotector v.1.0 (Sperber et al., 2007),
which is speciﬁcally designed to detect ERVs. A cut-off of 250 was
used for Retrotector scores, as the majority of the elements with
scores between 250 and 300 showed a conserved structure.Nomenclature
We used the name equine endogenous retrovirus (EqERV) for
the ERVs described in this work.Detection of solo-LTRs
Based on Retrotector results, a chromosome-by-chromosome
search for solo LTRs was conducted. LTRs related to a putative ERV
and LTRs located upto 13 kb from putative ERVs were discarded.Distribution of EqERVs
The distribution of the detected elements was tested chromo-
some by chromosome, as proposed by Villesen et al., 2004. The
expected number of elements (based on chromosomal mean
density and length) was compared with the observed number
by means of the X2 test and the G test (Sokal and Rohls, 1969),
each with 1 degree of freedom: X2¼[(observedexpected)2/
expected] and G¼2 observed xln(observed/expected).
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Correlation analyses between the number of elements detected
by each method and chromosome length, GC content, and gene
density were performed using R language (R Development Core
Team, 2008), which was also used for the statistical comparison of
the GC content of ERVs and their surroundings and the density of
LINE elements. GC content, gene density, and LINE elements were
retrieved from the UCSC Genome Browser (Fujita et al., 2011), and
the GC content of elements was calculated based on their sequence.Classiﬁcation of EqERVs
Relationships between the detected elements were determined
by a phylogenetic analysis of the RT region. The 87 sequences with a
high degree of similarity in BLAST-based searches (RT region of 500
nucleotides) were used as a search query, along with 12 exogenous
retroviruses and 5 previously detected horse ERVs. Retroviruses
used in previous research, such as BoEV (GenBank ID:X99924),
HERV (GenBank ID:M10976), porcine ERV (PERV) (GenBank
ID:AJ293656), MPMV (GenBank ID:NC_001550), intracisternal A
particle (IAPM) (GenBank ID:M17551), Feline immunodeﬁciency
virus (FIV) (GenBank ID:AY600517), feline foamy virus (FeFV)
(GenBank ID:U78765), and murine ERV-like (MuERV-L) (GenBank
ID:Y12713) were used as markers, and Drosophila endogenous
element ZAM (GenBank ID:AJ000387) was used as an outgroup.
The sequences were aligned using the MAFFT 5.861 program (Katoh
and Toh, 2008) (linsi option) and cleaned with Gblocks 0.91
(Castresana, 2000) (minimum length of block of 5, allowed gap
position with half, minimum number of sequences for a ﬂank
position of 57, and maximum number of contiguous nonconserved
positions of 10). Phylogenetic trees were built using three different
methods: (1) The neighbor-joining (NJ) method implemented in
MEGA 3.1 (Kumar et al., 2004). It relies on p-distance using the
pairwise deletion option and 1000 bootstrap replicates. (2) The
maximum likelihood (ML) method implemented in RAxML 7.3
(Stamakis, 2006). We used the GTRþG model (a¼2.09) with 1000
bootstrap replicates. (3) The Bayesian inference method implemen-
ted in MrBayes 3.1 (Ronquist and Huelsenbeck, 2003). Four default-
setting Metropolis-coupled Markov chain Monte Carlo methods
were performed in two runs for 106 generations with trees sampled
every 100 generations. The analysis was set to use the GTRþ IþG
model. The ﬁrst 187 trees were discarded in the burn-in, and a 50%
majority-rule consensus tree was computed from the remaining
trees.
The putative EqERV families that we detected were deﬁned
based on the support of phylogenetic trees. A cluster was
considered a putative family when the clustering was signiﬁcant
in at least two of the phylogenetic methods (bootstrap values
470 for neighbor joining and maximum likelihood and Bayesian
posterior probability 495 for Bayesian inference).
In order to assign unclassiﬁed ERVs to a putative family, a
BLAST search was carried out against unclassiﬁed ERVs using the
representative ERVs of each family as query sequences. This new
search was called an enrichment search. ERVs whose bit scores
were 4200 and whose similarity was 490% were added to the
family of the representative ERV.
To estimate the possible insertion time of elements classiﬁed
into families, we used the divergence of LTRs estimated by
LTR_STRUC and Retrotector. The Kimura two-parameter model
(Kimura, 1980) was then used to correct for the presence of
multiple mutations at the same site, back mutations, and
convergent substitutions. Five elements with highly divergent
LTRs were not included in this analysis. The insertion time of
each element was estimated by applying to the divergence asubstitution rate range of 2.3109 substitutions/year/site to
5.0109 substitutions/year/site (Johnson and Cofﬁn, 1999).
The representative members of an EqERV family were chosen
as the closest element to the consensus sequence of the family or,
when consensus was not possible, to the element with fewer stop
codons. The distances between individual sequences and the
consensus were calculated by using MEGA 3.1 (number of
differences and pairwise deletion options). Sequence of represen-
tative elements were translated into amino acids to obtain the
ORFs and they were aligned by means of ClustalW (Thompson
et al., 1994) and corrected manually.Authors contributions
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